Two peroxins of the AAA family, PpPex1p and PpPex6p, are required for peroxisome biogenesis in the yeast Pichia pastoris. Cells from the corresponding deletion strains (Pp⌬pex1 and Pp⌬pex6) contain only small vesicular remnants of peroxisomes, the bulk of peroxisomal matrix proteins is mislocalized to the cytosol, and these cells cannot grow in peroxisome-requiring media (J. A. Heyman, E. Monosov, and S. Subramani, J. Cell Biol. 127:1259-1273, 1994; A. P. Spong and S. Subramani, J. Cell Biol. 123:535-548, 1993). We demonstrate that PpPex1p and PpPex6p interact in an ATP-dependent manner. Genetically, the interaction was observed in a suppressor screen with a strain harboring a temperature-sensitive allele of PpPEX1 and in the yeast two-hybrid system. Biochemially, these proteins were coimmunoprecipitated with antibodies raised against either of the proteins, but only in the presence of ATP. The protein complex formed under these conditions was 320 to 400 kDa in size, consistent with the formation of a heterodimeric PpPex1p-PpPex6p complex. Subcellular fractionation revealed PpPex1p and PpPex6p to be predominantly associated with membranous subcellular structures distinct from peroxisomes. Based on their behavior in subcellular fractionation experiments including flotation gradients and on the fact that these structures are also present in a Pp⌬pex3 strain in which no morphologically detectable peroxisomal remnants have been observed, we propose that these structures are small vesicles. The identification of vesicle-associated peroxins is novel and implies a role for these vesicles in peroxisome biogenesis. We discuss the possible role of the ATP-dependent interaction between PpPex1p and PpPex6p in regulating peroxisome biogenesis events.
Peroxisomes are ubiquitous, eukaryotic subcellular organelles whose biogenesis can be induced in response to nutritional (37) and developmental (6) cues. Notably, their size, number, biochemical composition, and cellular role are greatly influenced by the environmental milieu of the cells that house them. These properties are particularly striking in yeast species for which peroxisome-requiring carbon and/or nitrogen sources have been identified. For example, Pichia pastoris cells grown in glucose-containing medium harbor only a few (1 to 3) small (Ͻ0.1-m) peroxisomes; however, a switch to medium containing methanol induces cells to produce several (5 to 10) large (0.5-m) peroxisomes, and peroxisomal proteins can constitute up to 40% of total cellular protein (34) .
All of the proteins required for peroxisome biogenesis are encoded by nuclear genes. The lipids essential for the growth of their membranes must be derived from extraperoxisomal sources. Peroxisomes are believed to be maintained by the growth and division of preexisting peroxisomes (18) . Recently, however, the possibility of de novo peroxisome biogenesis was raised by studies which demonstrated that some yeast (pex mutant) strains defective in peroxisome biogenesis or function have no detectable peroxisomal remnants and that the organelle can be restored in these strains by introduction of the complementing gene (4, 41) or, in the case of temperaturesensitive strains, by a shift from a nonpermissive to a permissive temperature (39) . So far, no data describing the steps required for de novo peroxisome biogenesis have been presented.
Several yeast model systems have been exploited to unravel the mechanism of peroxisome biogenesis and import, leading to the description of a number of genes and proteins, collectively termed peroxins (7) , that play a role in these processes. These and other studies have led, for example, to the characterization of peroxisomal targeting signals for peroxisomal matrix and membrane proteins, the receptors that recognize some of these peroxisomal targeting signals, docking proteins for the PTS1 and PTS2 receptors, and cytosolic and peroxisomal membrane proteins involved in the import process (2, 13, 32) .
Despite the impressive progress in the description of peroxins involved in the biogenesis process, our knowledge of the biochemical functions of these proteins is only rudimentary. The search for this information is driven both by the desire to understand the biochemistry of peroxisome biogenesis and because defects in peroxisome biogenesis are the underlying molecular cause of a number of devastating human peroxisomal disorders (40) .
Among the many peroxins (over 17) implicated in peroxisome biogenesis are Pex1p and Pex6p, which belong to the AAA family (ATPases associated with diverse cellular activities) (15) of proteins (8, 11, 23, 29, 35, 38, 42) . Our work on these proteins in P. pastoris has shown that they are involved in peroxisome biogenesis (11, 29) . Pp⌬pex1 and Pp⌬pex6 strains contain only vesicular remnants of peroxisomes ("ghosts") that import some proteins but exclude most peroxisomal matrix proteins in the cytosol. Pex1p and Pex6p comprise part of the peroxisome biogenesis machinery of all eukaryotes because they are conserved in yeasts and, in the case of Pex6p, the mammalian homolog has also been described (8, 11, 23, 29, 35, 38, 42) . Their importance is exemplified by the fact that mutations in HsPex6p are one of the causes of Zellweger syndrome in humans (35, 42) .
In this paper, we show that there is an Mg 2ϩ -and ATPdependent interaction between PpPex1p and PpPex6p. We also demonstrate that these proteins associate with vesicles distinct from peroxisomes, a result which suggests a heretofore-unrecognized role for such vesicles in peroxisome biogenesis. and 3 min at 72°C with Taq polymerase in standard buffer adjusted to 0.1 mM MnCl 2 ). The gapped plasmid and PCR products were coelectroporated into PPY301 cells (25) , and transformants were screened to obtain strains that grew on SM plates at 22°C but not at 30°C. Plasmids encoding temperature-sensitive PpPex1p were rescued and integrated into the his4 locus of strain PPY303 to create stable Pppex1-ts strains, including SJH242. SJH217 is a strain in which BamHI-linearized pJAH17 is integrated into the his4 locus of PPY303. SJH200 is a strain in which BamHI-linearized pJAH16 is integrated into the his4 locus of PPY303. pJAH16 and pJAH17 are the same except that pJAH16 does not contain the PpPEX1 gene (11) .
Construction of strains that synthesize GFP-SKL and overproduce PpPex6p. A two-step cloning procedure was used to introduce a 3.5-kb ScaI-NotI (ends made blunt with Klenow polymerase) DNA fragment encoding the full-length PpPex6p downstream of the alcohol oxidase promoter into pPIC3K (Invitrogen) which had been digested with BamHI and HindIII (both sites made blunt with Klenow polymerase). The resulting plasmid was called pKNSD67. pJAH125 was constructed by modification of pKNSD67. First, pKNSD67 was digested with MscI and XhoI to remove the HIS4 and kanamycin resistance genes and treated with Klenow polymerase and phosphatase, and ligated to a 2,075-bp blunt fragment (obtained by HindIII digestion, filling in with Klenow polymerase, and SmaI digestion) encoding the P. pastoris ARG4 gene to create pJAH61. Next, a 1.5-kb fragment containing the P. pastoris GAPDH promoter driving expression of a gene encoding GFP-SKL (green fluorescent protein with C-terminal amino acids SKL) was amplified from pTW74 (39a) with primers JH10 (5Ј-GCT TAT CGA TAA GCA TGC AC-3Ј) and JH11 (5Ј-ACA TGC ATG CTT TTT TGT AGA AAT GTC-3Ј), digested with SphI (the SphI site was encoded by the PCR primers), and cloned into the SphI site of pJAH61 to form pJAH125. pJAH125 and pJAH127 are the same except that pJAH127 does not contain any PpPEX6 coding sequence. pJAH125 and pJAH127 were digested with PmeI to direct integration into the methanol oxidase locus of strains SJH242, SJH200, and SJH217. SJH242 with integrated pJAH127 is called SJH242-GFP, and SJH242 with integrated pJAH125 is called SJH242-GFP6.
Two-hybrid system. Full-length clones coding for PpPex1p, PpPex3p, and PpPex6p were inserted into derivatives of plasmids pVP16 (containing the transactivation domain) and pBTM116 (containing the DNA-binding domain) (12) . Through insertion of double-stranded oligonucleotides, three derivatives each of pVP16 and pBTM116 were constructed, introducing a multiple cloning site (mcs) harboring NotI, BamHI, SpeI and/or NheI (or neither), PstI, EcoRI, and SalI sites in three different reading frames downstream of the functional (transactivation or DNA-binding) domain. The three pVP16 derivatives were named pKNSD50, pKNSD51, and pKNSD52; the three pBTM116 derivatives were called pKNSD53, pKNSD54, and pKNSD55. Starting from the BamHI site, the reading frame in pKNSD50 and pKNSD53 is GG.ATC.C (not containing an NheI or an SpeI site in the mcs), that in pKNSD51 and pKNSD54 is G.GAT.CC (containing an SpeI site in the mcs), and that in pKNSD52 and pKNSD55 is GGA.TCC (containing an NheI site in the mcs).
These plasmids were subsequently used for insertion of the PpPEX genes through the following cloning steps. For PpPEX1, through subcloning, an Asp718 site was introduced preceding the PpPEX1 initiation codon. A 4.0-kb Asp718 (ends made blunt with Klenow polymerase)-XbaI fragment containing the fulllength PpPEX1 coding sequence was inserted into pKNSD51 and pKNSD54 that had been digested with BamHI (ends made blunt with Klenow polymerase) and NheI, generating plasmids pKNSD85 and pKNSD86, respectively. For PpPEX3, a 1.8-kb BglII-SpeI DNA fragment from pKNSD44 (41) was inserted into pKNSD52 and pKNSD55 that had been digested with BamHI and SpeI, generating plasmids pKNSD97 and pKNSD98, respectively. For PpPEX6, a 3.5-kb ScaI (genomic site preceding the PpPEX6 coding sequence)-SalI DNA fragment containing the full-length PpPEX6 coding sequence was inserted into pKNSD51 and pKNSD54 that had been digested with BamHI (ends made blunt with Klenow polymerase) and SalI, generating plasmids pKNSD91 and pKNSD92, respectively.
All combinations of pVP16 and pBTM116 plasmids containing the PpPEX genes were used to cotransform Saccharomyces cerevisiae L40 (MATa trp1 leu2 his3 LYS2::lexA-HIS3 URA3::lexA-lacZ). Individual transformants were screened for expression of the chromosomal HIS4 and lacZ marker genes.
Microscopy. To observe GFP in vivo, cells were grown overnight in YPM medium, immobilized on a microscope slide in a 3-l drop of 100% glycerol, and observed by fluorescence or phase-contrast microscopy. Both phase-contrast and fluorescence images were viewed with a Leitz Fluotar 100ϫ PL 1.3 objective under oil immersion on a Leitz Laborlux 12 microscope. The GFP fluorochrome was viewed with the Leitz selective filter set L/3.
Organelle-free sucrose gradients for detection of protein complexes. P. pastoris cells were cultured overnight in YPM medium, collected by centrifugation, treated for 20 min at room temperature with 140 mM ␤-mercaptoethanol in 100 mM Tris-50 mM EDTA (pH 7.5), converted to spheroplasts, lysed by resuspension in lysis buffer (20 mM HEPES [pH 7.4], 2 mM EDTA, 2 mM dithiothreitol [DTT], 0.5% Triton X-100, 100 mM KCL, 1 mM phenylmethylsulfonyl fluoride, (PMSF); supplemented with 4 mM Mg 2ϩ , 0.5 mM ATP, or 0.5 mM ATP␥S [a nonhydrolyzable analog of ATP]), and centrifuged for 20 min at 20,000 ϫ g to produce the cell-free lysate. Approximately 4 mg of protein was loaded on continuous 10 to 20% (wt/vol) sucrose gradients made in lysis buffer and centrifuged for 28 h at 32,000 rpm in a Beckman SW41 rotor (125,000 ϫ g), and the tubes were drained from the top into 28 fractions of 430 l. Equal volumes of fractions were analyzed by Western blot analysis with affinity-purified ␣-PpPex1p or ␣-PpPex6p antibodies prepared as described earlier (19) .
Immunoprecipitations. Lysates were prepared as described above for organelle-free sucrose gradients in lysis buffer, and 4 mM MgCl 2 , 0.5 mM ATP, or 5 U of apyrase (Sigma, St. Louis, Mo.) per ml was added. Lysate protein (1 mg) was incubated for 1 h at 4°C with 2 l of serum and 30 l of swelled protein A beads (Pharmacia Biotechnology, Piscataway, N.J.) and was washed two times with 1 ml of lysis buffer. These conditions were chosen so that over 90% of the target protein would be obtained in the pellet fraction. Twenty percent of the pellet fraction was subjected to SDS-PAGE and subsequently transferred to nitrocellulose for Western blot analysis.
Differential centrifugation and cell fractionation. Strains were precultured in MMG, used to inoculate 1.5-liter MMOT cultures, and grown overnight to an optical density at 600 nm (OD 600 ) of approximately 2. Cells were harvested by centrifugation, pretreated in 100 mM Tris-HCl-50 mM EDTA-140 mM ␤-mercaptoethanol (pH 7.5) for 20 min, and pelleted by centrifugation. Cells were washed once in 20 mM potassium phosphate-1.2 M sorbitol (pH 7.5), resuspended in the same buffer, and converted to spheroplasts by a 30-min incubation at 30°C following the addition of 6 mg of Zymolyase 20T (ICN Biochemicals, Inc., Aurora, Ohio) per 1,000 OD 600 units of cells. Spheroplasts were pelleted by centrifugation, resuspended in ice-cold Dounce buffer (0.8 M sorbitol, 5 mM morpholineethanesulfonic acid [MES], 0.5 mM EDTA [pH 6.0], 0.1% ethanol; supplemented with 1 mM PMSF, 5 mM NaF, and 12.5 mg of leupeptin per ml), and broken with 10 strokes in a Dounce homogenizer. The resulting homogenate was subjected to centrifugation for 10 min at 2,000 ϫ g (two times) to clear unbroken cells and cell debris, and the supernatant (postnuclear supernatant [PNS]) was centrifuged for 30 min at 27,000 ϫ g. The resulting supernatant was centrifuged for 1 h at 100,000 ϫ g, and equal volumes of fractions of the pellet and supernatant were analyzed by Western blot analysis.
Flotation gradient centrifugation. The 100,000 ϫ g pellet fraction (obtained from the 27,000 ϫ g supernatant fraction) was resuspended in 0.5 ml of 65% (wt/wt) sucrose in Dounce buffer without sorbitol. A total of 2.25 ml of 50% (wt/wt) sucrose and 2.25 ml of 30% (wt/wt) sucrose (in Dounce buffer) were layered on top of the sample and spun for 24 h at 100,000 ϫ g in an SW50.1 (Beckman) rotor. The gradients were drained from the top into 13 fractions of approximately 400 l, and equal volumes of fractions were analyzed by SDS-PAGE and Western blot analysis.
Subcellular fractionation with Nycodenz gradients. Nycodenz gradients were loaded with PNS fractions prepared as described above from cells grown overnight in 3 liters of MMOT (16 h) or MMG (8 h) to an OD 600 of 2. Then, 5 ml of the supernatant (PNS) was loaded on a 35-ml continuous Nycodenz gradient (15 to 35%, with a cushion of 5 ml of 50% [wt/vol]), centrifuged as described before (20) , and drained from the bottom into 24 fractions of approximately 1.6 ml. Equal volumes of every second fraction were analyzed by SDS-PAGE and Western blot analysis. Antibody dilutions were as follows: ␣-PpAcylcoenzyme A oxidase, 1:10,000; ␣-Scthiolase, 1:10,000; ␣-F 1 ␤ subunit of mitochondrial ATPase, 1:10,000; ␣-PpPex1p, 1:4,000; ␣-PpPex3p, 1:10,000; and ␣-PpPex6, 1:4,000.
RESULTS
Generation of temperature-sensitive alleles of PpPex1p. The first step in identifying the cellular partners of PpPex1p was the generation of temperature-sensitive PpPEX1 alleles for use in a suppressor screen. The PpPEX1 ORF was subjected to a PCR-based mutagenesis procedure, and the mutagenized DNA was used to cotransform P. pastoris PPY301 (Pp⌬pex1 his4) together with linearized plasmid pJAH17. Transformants able to utilize methanol at 22°C but not at 30°C and/or 34°C were selected and considered to encode temperature-sensitive PpPex1p. Following rescue from the PPY301 cells, the plasmids were integrated into the his4 locus of strain PPY303 (arg4 his4 Pppex1-2), which contains a nonfunctional chromosomal Pppex1 gene, to create stable strains (SJH241 to SJH246 and SJH248 to SJH250) with a temperature-sensitive PpPEX1 allele. SJH242 was used in the studies that follow.
Overexpression of PpPex6p suppresses a temperature-sensitive mutation in PpPex1p. To identify proteins that interact with PpPex1p, we transformed strain SJH242 (Pppex1-ts) with plasmids that overproduce PpPex3p (a peroxisomal membrane protein) (41) , PpPex5p (the PTS1 receptor) (19, 31) , or PpPex6p (29) . Overproduction of PpPex6p but not of PpPex5p or PpPex3p rescued the methanol utilization defect of SJH242 at 30°C. PpPex6p overproduction did not enable a Pppex1 inactive point mutant strain, SJH200 (Pppex1), or a Pp⌬pex1 strain (not shown) to utilize methanol, nor did it affect the growth of wild-type strain SJH217 (WT PpPEX1) cells on methanol (Fig. 1A) .
We analyzed the import of a reporter protein into peroxisomes in the Pppex1-ts strains in the presence and absence of overproduced PpPex6p. A hybrid protein (GFP-SKL) consisting of GFP with a C-terminal peroxisomal targeting signal, Ser-Lys-Leu (20) , was expressed in strain SJH242 either in the absence (SJH242-GFP) or in the presence (SJH242-GFP6) of overexpressed PpPex6p, and the localization of GFP-SKL was visualized in vivo by fluorescence microscopy. At the permissive temperature (22°C), virtually all cells of SJH242-GFP and SJH242-GFP6 (Fig. 1B and D, respectively) contained GFP-SKL-labeled peroxisomes equivalent to those observed in the wild-type strain (STW3) (20) . At the restrictive temperature (30°C), SJH242-GFP cells showed cytosolic staining and only occasionally exhibited punctate structures containing GFP-SKL (Fig. 1C) . In contrast, SJH242-GFP6 cells grown at 30°C contained bright, GFP-SKL-labeled peroxisomes (Fig. 1E ) indistinguishable from those seen in wild-type cells and showed no cytosolic labeling. Thus, the overproduction of PpPex6p restored growth as well as normal peroxisomal morphology and import to SJH242 cells cultured on methanol under restrictive conditions.
Interaction between PpPex1p and PpPex6p in the yeast twohybrid system. Further evidence for an interaction between PpPex1p and PpPex6p was obtained by a yeast two-hybrid analysis (12) , in which an interaction between two fusion proteins expressed from specific plasmids allows the growth of the reporter yeast strain on medium lacking histidine. One of the plasmids expresses a protein fused to the DNA-binding do- (29) in strains SJH217 (WT PpPEX1), SJH200 (Pppex1), and SJH242 (Pppex1-ts). Strains were replica plated onto SM or SD plates and grown for 3 days at the indicated temperature. (B to E) Fluorescence microscopy (right panels) of SJH242 synthesizing GFP-SKL (SJH242-GFP) from integrated plasmid pJAH127 grown at 22°C (B) and 30°C (C) and SJH242 overproducing PpPex6p and synthesizing GFP-SKL (SJH242-GFP6) from integrated plasmid pJAH125 grown at 22°C (D) and 30°C (E). Nomarski images are shown in the left panels.
main of the LexA repressor, while the other expresses a fusion with the transcriptional-transactivation domain of a viral protein, VP16. S. cerevisiae L40 cells containing either combination of the PpPEX1 and PpPEX6 expression plasmids were able to grow on medium lacking histidine (Fig. 2) and expressed a second marker, ␤-galactosidase, in qualitative assays for this enzyme (data not shown). Other combinations of the PpPEX1, PpPEX3, PpPEX5, and PpPEX6 plasmids and the parental plasmids alone were unable to produce either histidine prototrophy or ␤-galactosidase above background levels. These data show that PpPex1p and PpPex6p interact with each other but not with themselves or with PpPex3p (Fig. 2) or PpPex5p (data not shown).
The interaction between PpPex1p and PpPex6p is ATP dependent. Antibodies against PpPex1p and PpPex6p were used to immunoprecipitate the proteins from total extracts of methanol-grown P. pastoris WT cells. Under standard conditions, where no ATP was present in the immunoprecipitation buffer (which contains 4 mM MgCl 2 to allow ATP binding if ATP is added), only PpPex1p was precipitated when anti-PpPex1p antibody was used, and only PpPex6p was precipitated when anti-PpPex6p antibody was used (Fig. 3, lanes 1 and 4) . These results show that each antibody is specific for the appropriate native target Pex protein. Strikingly, when 0.5 mM ATP was included in the immunoprecipitation (Fig. 3, lanes 2 and 5) , either antibody coimmunoprecipitated both proteins, indicating that ATP binding and/or hydrolysis is essential for the formation of the complex containing PpPex1p and PpPex6p. Depletion of ATP in the extracts, through the addition of apyrase, resulted in no coimmunoprecipitation of PpPex1p and PpPex6p (Fig. 3, lanes 3 and 6) , in keeping with the role of ATP in complex formation. It should be noted that the ATPdependent complexes that were immunoprecipitated with either anti-PpPex1p or anti-PpPex6p antibody contained roughly equal amounts of PpPex1p and PpPex6p, suggesting that these proteins are present in a 1:1 ratio in the complexes.
PpPex1p and PpPex6p are present in a heterodimeric protein complex. To further determine the molecular requirements for the PpPex1p-PpPex6p interaction and the size of the protein complexes, we generated total organelle-free extracts of methanol-grown WT cells in the absence or presence of either Mg 2ϩ , ATP, or both and determined the migration of PpPex1p and PpPex6p after continuous sucrose velocity gradient centrifugation. Triton X-100 and 100 mM KCl were included in the lysates to ensure that Pex1p and Pex6p were not associated with subcellular structures. In the presence of ATP (Fig. 4A and B (Fig. 4C and D) . ATP hydrolysis was not required to stabilize these complexes, because in the presence of Mg 2ϩ and ATP␥S, a nonhydrolyzable analog of ATP, the high-molecular-weight complex was observed ( Fig. 4E and F) . The amount of the complex was diminished in this particular experiment relative to that seen in the presence of ATP and Mg 2ϩ , but this was not the case in other experiments. Complex formation required both PpPex1p and PpPex6p because in the presence of Mg 2ϩ and ATP, PpPex1p from a Pp⌬pex6 lysate (data not shown) and PpPex6p from a Pp⌬pex1 lysate migrated as monomers (Fig. 4G ). These data demonstrate that PpPex1p and PpPex6p interact physically and that this interaction requires both proteins, ATP and Mg 2ϩ , but not ATP hydrolysis. PpPex1p and PpPex6p are associated with membranous subcellular structures distinct from mature peroxisomes. In order to gain insights into the roles of PpPex1p and PpPex6p in peroxisome biogenesis, their subcellular locations were examined in detail. Differential centrifugation of a PNS prepared from oleate-grown WT cells showed PpPex1p and PpPex6p to be predominantly in the 27,000 ϫ g supernatant fraction; smaller amounts of PpPex1p and PpPex6p appeared in the 27,000 ϫ g organellar pellet fraction, which consists primarily of peroxisomes and mitochondria (Fig. 5) , as shown for the peroxisomal matrix protein thiolase, the peroxisomal membrane protein PpPex3p, and the F 1 ␤ subunit of mitochondrial ATPase. The bulk of both PpPex1p and PpPex6p in the 27,000 ϫ g supernatant fraction was subsequently pelleted at 100,000 ϫ g, suggesting that these proteins might be associated with subcellular structures distinct from peroxisomes or might be part of a large protein complex (Fig. 5 ).
PpPex1p and PpPex6p present in the 100,000 ϫ g pellet fraction are membrane-associated rather than aggregated proteins, since these proteins migrated up in a flotation gradient (Fig. 6 ). Peroxisomal matrix proteins (acyl coenzyme A oxidase and thiolase), which were found only in relatively low amounts in the 100,000 ϫ g pellet fraction compared to the 27,000 ϫ g pellet fraction, showed similar behavior in these experiments; PpPex3p, a peroxisomal integral membrane protein, floated almost completely into the gradient (Fig. 6) . Some of PpPex1p and PpPex6p remained at the bottom of the gradient, perhaps because they were partially dissociated from the membranous structures with which they were associated. In control experiments, a soluble protein, bovine serum albumin, placed at the bottom of such flotation gradients, did not float into the gradient (data not shown). These experiments demonstrate that PpPex1p and PpPex6p are associated with membranes.
The association of these proteins with peroxisomes and/or other subcellular structures was analyzed by subjecting a PNS fraction from oleate-grown WT cells to isopycnic gradient centrifugation (Fig. 7) . A clear separation was seen between intact peroxisomes (thiolase and PpPex3p: fraction 6) and mitochondria (F 1 ␤ subunit of mitochondrial ATPase: fraction 18). Peak amounts of PpPex6p were observed in fraction 14, with trailing to fraction 6. PpPex1p showed a bimodal distribution in these gradients, with peak amounts in fractions 14 and 6. These data indicate that PpPex6p and, at least in part, PpPex1p are associated with membrane structures distinct from mature peroxisomes. Although the distribution of PpPex6p was very reproducible in all experiments, the relative amounts of PpPex1p in fractions 6 through 16 varied from experiment to experiment. Also, the peak fraction in the dense part of the gradient (fraction 6) did not always exactly colocalize with the peroxisomal peak fraction. Therefore, we analyzed the sedimentation behavior of these proteins under conditions in which the densities of peroxisomes and the structures containing PpPex1p and PpPex6p were more distinct.
We made use of the fact that PpPex1p, PpPex3p, and PpPex6p are biochemically detectable under peroxisome-repressed conditions (i.e., in glucose-grown cells). Analysis of a Nycodenz gradient loaded with a PNS of glucose-grown WT cells showed the peak of PpPex3p in fraction 10. PpPex1p and PpPex6p were both concentrated in one part of the gradient only: PpPex1p in fractions 8 to 10 and PpPex6p in fraction 12 (Fig. 8A) . Although partly overlapping, all three peroxins showed distinct sedimentation behaviors in these experiments and therefore are at least partly present on distinct subcellular membranous structures.
The bimodal distribution observed for PpPex1p in the Nycodenz gradient prepared from oleate-grown cells is consistent with two alternative possibilities: (i) part of PpPex1p is associated with peroxisomes, and the rest is associated with another, unidentified subcellular membranous structure, or (ii) all of PpPex1p is associated with heterogeneous membrane structures distinct from peroxisomes. In order to distinguish between these possibilities and to obtain stronger evidence that the localizations of PpPex1p and PpPex6p were not peroxisomal, we analyzed the locations of these proteins in Pp⌬pex3 cells, which completely lack peroxisomes and peroxisomal remnants, as analyzed morphologically and biochemically (41) . Analysis of a Nycodenz gradient loaded with a PNS of glucose-grown Pp⌬pex3 cells revealed that both PpPex1p and PpPex6p migrated to densities similar to those in the gradient for WT cells (compare Fig. 8A and B) . This result indicates that the sedimentation of PpPex1p and PpPex6p is independent of the presence of peroxisomes or remnants thereof and therefore that the structures containing these proteins could A PNS prepared from oleate-grown WT cells was subjected to differential centrifugation. Equal volumes of the PNS, 27,000 ϫ g pellet (27ϫkg Pel) or supernatant (27ϫkg Sup), and 100,000 ϫ g pellet (100ϫkg Pel) or supernatant (100ϫkg Sup) were loaded in each lane and analyzed by Western blot analysis with antibodies to the indicated proteins. not correspond to peroxisomes. The result also suggests that PpPex1p is not necessarily present on peroxisomes in the gradient for WT cells but rather may be present on membranous structures with a density similar to that of peroxisomes.
DISCUSSION
Our results provide genetic and physical evidence for an interaction between PpPex1p and PpPex6p, two related peroxins of the AAA family. Genetic evidence for an interaction between these proteins is supported by the fact that the overexpression of PpPex6p suppressed a temperature-sensitive defect in PpPex1p (Fig. 1) and by the yeast two-hybrid experiments (Fig. 2) . Physical evidence for an interaction between these proteins comes from the observation that they coimmunoprecipitated with each other in a 1:1 complex only in the presence of ATP (Fig. 3) . In addition, in the presence of both proteins, ATP, and Mg 2ϩ , a heterodimeric complex of 320 to 400 kDa was detected in sucrose velocity gradients (Fig. 4) . This interaction does not require ATP hydrolysis because it was seen even in the presence of ATP␥S, a nonhydrolyzable analog. Like the bacterially expressed monomeric proteins, uncomplexed PpPex1p and PpPex6p migrated as approximately 150-kDa proteins in sucrose velocity gradients. Since the observed size of the complex was somewhat larger than the sum of the sizes of the interacting peroxins, we cannot rule out the possibility that some other protein(s) is also part of this complex.
PpPex1p and PpPex6p are associated with subcellular membranous structures distinct from peroxisomes, and only small amounts of these proteins may be peroxisome associated. During differential centrifugation, very little PpPex1p or PpPex6p was found in the 100,000 ϫ g supernatant corresponding to the cytosol (Fig. 5) . Instead, most of these proteins were associated with the 27,000 ϫ g and 100,000 ϫ g pellets. The presence of these proteins in the 100,000 ϫ g pellet distinguishes their localization from that of other peroxisomal markers, most of which are associated with the 27,000 ϫ g pellet. The structures with which these proteins associate in the 100,000 ϫ g pellet contain membranes because they float in a sucrose flotation gradient (Fig. 6) . Additional evidence for the localization of PpPex1p and PpPex6p to structures distinct from peroxisomes comes from their migration in isopycnic gradients. Their distribution not only is distinct from that of peroxisomes (Fig. 7) but also is independent of peroxisomes ( Fig. 8) , because in the Pp⌬pex3 strain, determined to lack peroxisomal remnants by morphological and biochemical criteria (41) , the structures containing PpPex1p and PpPex6p persist and behave essentially as they do in wild-type cells.
The structures containing PpPex1p and PpPex6p are likely to be vesicles, based on their enrichment in the 100,000 ϫ g pellet fraction, their behavior in flotation gradients, and their FIG. 6 . PpPex1p and PpPex6p are membrane associated. The 100,000 ϫ g pellet fraction (obtained from the 27,000 ϫ g supernatant fraction) prepared from oleate-grown WT cells was subjected to flotation gradient centrifugation. The gradient was drained from the top into 13 fractions (1, top; 13, bottom), and equal volumes of fractions were analyzed by Western blot analysis with antibodies to the indicated proteins. Very low amounts of thiolase, PpPex3p, and acyl coenzyme A oxidase (Acyl-CoA ox) were present in the 100,000 ϫ g pellet fraction (relative to the 27,000 ϫ g pellet fraction) used for flotation (Fig. 5) . The Western blots analyzed for these proteins had to be overexposed, but clear signals were obtained due to the high quality of the antibodies. nr., number. migration in Nycodenz gradients. Consistent with the lack of transmembrane segments in PpPex1p and PpPex6p, the association of these proteins with membranes appears to be peripheral, because we observed that these proteins are easily removed by salt washes (data not shown). This is the first report of the localization of peroxins to subcellular structures other than peroxisomes themselves and clearly implicates nonperoxisomal structures, which we believe to be vesicles, in peroxisome biogenesis.
Previous studies have shown that mutations in the most conserved ATP-binding domain of ScPex1p (homolog of PpPex1p) (8, 14) and mammalian Pex6p (homolog of PpPex6p) (35, 42) abolish the ability of these proteins to function in biogenesis. This result suggests that the ATP-dependent interaction between PpPex1p and PpPex6p may be impaired in these mutants. The PpPex1p-PpPex6p interaction and the location of these peroxins on membranous structures of different densities also suggest that each protein has a distinct function and explain why the expression of either protein cannot substitute for the absence of the other (data not shown), despite the fact that the proteins are structurally similar (each is approximately 130 kDa, and they have 29% sequence identity and 49% sequence similarity) (11) .
Different subcellular locations have been reported for Pex6p in different organisms. Rat Pex6p was reported to be solely peroxisome associated (35) , human Pex6p was found to be mainly cytosolic (42) , and P. pastoris Pex6p is, as described here, primarily associated with vesicular structures distinct from peroxisomes. The reason for this discrepancy may relate to variations in the methods used for cell fractionation and protein detection. Tsukamoto et al. (35) noted that the levels of Pex6p were so low in rat liver that they were unable to detect the protein in various subcellular fractions, except for those highly enriched in peroxisomes. They did not describe the distribution of the protein in the 100,000 ϫ g pellet fraction.
Our data showing the enrichment of PpPex6p in the 100,000 ϫ g pellet fraction suggest that the corresponding rat liver fraction might have contained rat Pex6p. Yahraus et al. (42) expressed myc epitope-tagged Pex6p from the strong cytomegalovirus promoter in human cells and found it to be predominantly cytoplasmic by indirect immunofluorescence. This result might have been observed if the level of this protein was substantially higher than that seen endogenously or if the location of the protein was altered by the epitope tag.
Our studies highlight two important questions that remain the goal of our future work. What is the subcellular origin of the membrane vesicles containing Pex1p and Pex6p? What role do these vesicles play in the biogenesis of peroxisomes? Purification and characterization of the vesicles will reveal whether they are derived from the endoplasmic reticulum, as proposed recently based on a reexamination of available data (30) , or from some other source. With respect to the second question, our earlier data show that P. pastoris mutants lacking PpPex1p and PpPex6p accumulate peroxisomal remnants that import some matrix and membrane proteins, but these remnants are smaller and fewer in number than peroxisomes in wild-type yeast cells under similar conditions (11, 29) . Similarly, human patients lacking Pex6p contain peroxisome ghosts capable of importing peroxisomal membrane proteins, as well as reduced levels of PTS1 and PTS2 proteins (27, 42) . These results suggest that the defect in cells lacking Pex1p or Pex6p may be in the growth of the peroxisomal compartment and not directly in import per se. Because Pex5p, the PTS1 receptor, is unstable in some human cell lines lacking Pex6p, it has been suggested that Pex6p may be involved in the assembly of the peroxisomal matrix protein import machinery (42) . Although this idea cannot be completely ruled out at present, it is difficult to reconcile a direct role of Pex1p and Pex6p in the stability of Pex5p and therefore in import, in view of the following facts. (i) Some amount of matrix protein import is still observed in yeast mutants with deletions of the PEX1 and PEX6 genes. (ii) The majority of Pex1p and Pex6p does not colocalize (in the absence of ATP) to identical subcellular structures or to the cytosolic and peroxisomal locations reported for Pex5p. (iii) An impairment in biogenesis may indirectly affect the assembly of the import machinery. (iv) Our yeast two-hybrid analysis revealed no interactions between either PpPex1p and PpPex5p or PpPex6p and PpPex5p. (v) Our published work has shown that in a Pp⌬pex1 strain, the induction and steady-state levels of PpPex5p are comparable to those seen for wild-type cells, whether the cells are grown on methanol or oleate (11) . Our data, which localize most of PpPex1p and PpPex6p not to the cytosol or peroxisomes but to distinct membranous structures, coupled with the Mg 2ϩ -and ATP-dependent association of these proteins and the requirement of the ATP-binding domains on these proteins for peroxisome biogenesis, suggest that the interaction between Pex1p and Pex6p could serve to juxtapose the vesicles, perhaps facilitating the assembly of components required for membrane fusion or protein import into peroxisomes. Successive rounds of fusion would generate larger vesicles, which could then assemble the import machinery on the membrane, import matrix and membrane proteins, and mature into larger peroxisomes. Alternatively, the larger vesicles could fuse with preexisting peroxisomes to allow their growth. This model, involving a role for vesicles in peroxisome biogenesis, provides a mechanism for lipid and/or membrane (protein and lipid) addition to peroxisome membranes during biogenesis and explains the observation that mutant cells which apparently lack all peroxisomal remnants (4, 41) can generate peroxisomes after reintroduction of the complementing gene. The recovery of peroxisomes in such complemented mutants would be difficult to explain with the currently favored model for peroxisome biogenesis, in which the organelles are believed to arise exclusively by budding and fission of preexisting organelles.
Although this proposed role of vesicle fusion in peroxisome biogenesis remains to be tested, it appears reasonable because PpPex1p and PpPex6p have high homology to proteins thought to facilitate membrane fusion events (NSF and its yeast homolog, Sec18p [10, 28] , as well as p97 and its yeast homolog, Cdc48p [17, 24] ). These NSF-like ATPases of the AAA family act as chaperones by activating SNARE proteins, which then participate in membrane fusion events, including Golgi reassembly (1, 24) , endoplasmic reticulum fusion (17) , intracellular protein trafficking (5), and neuronal secretion (21) .
Recently, an ATP-dependent interaction was described for another pair of proteins belonging to the AAA family (3). These mitochondrial proteins, Yta10p and Yta12p of S. cerevisiae, are proteases whose activity is regulated by an ATPdependent interaction and by ATP hydrolysis, with the protease being active in the complexed but not in the uncomplexed state. Independent of the proteolytic function, they also have a chaperonelike activity required for the assembly of membrane-associated mitochondrial ATP synthase. PpPex1p and PpPex6p are required for peroxisome biogenesis, have no known protease domains, and are therefore unlikely to be involved in protein degradation. However, their activity as molecular chaperones that facilitate peroxisome assembly or in promoting vesicle fusion directly or indirectly is likely to be regulated by their ATP-dependent association and by ATP hydrolysis, analogous to the way in which Yta10p and Yta12p functioning is modulated.
